(C) Rpn11-TEV-ProA proteasomes were bound to IgG resin and washed with 100 mM NaCl, followed by 300 mM NaCl. Material remaining on the column was released with TEV protease. Proteins from peak fractions were analyzed by 10% SDS-PAGE and visualized with Coomassie. Bands 1-3 were identified by mass spectrometry. Bands marked by asterisks were as follows: from top to bottom, a breakdown product of Ecm29 produced by heating in the presence of SDS (also seen in Figures 2 and 3) , Rpn1, Rpn2, and apparently Rpt2-5. (D) Proteins from affinity-purified holoenzyme (Holo) and RP were analyzed by 10% SDS-PAGE and visualized with Coomassie. Components of the base are indicated in red, the lid in blue. Ubp6 migrates more rapidly than Rpn3, but the two bands are often not resolved.
Results
moters to ensure synthesis at a near-physiological level.
To allow for the purification of proteasome subassemblies, the base, lid, and CP were each individually tagged Composition of Affinity-Purified Proteasomes Existing methods for proteasome purification do not ( Figure 1A ). We initially purified proteasome holoenzymes using the Rpn11-TEV-ProA strain. Proteasomes allow rapid isolation of proteasomes in high purity and yield. For this purpose, we appended TEV-proteasewere captured from cell extracts using IgG resin, then specifically released using the TEV endoprotease. Noncleavable, Protein A-derived tags to various proteasome subunits ( Figure 1A ; see Supplemental Data at http:// denaturing gel electrophoresis revealed a single major species having proteasome-specific peptidase activity. molecule.org/cgi/content/full/10/3/495/DC1). Tagged subunits were expressed from their endogenous proSurprisingly, this band migrated more slowly than that of conventionally purified proteasomes ( Figure 1B) . Thus, lize the RP-CP association. Consistent with the possibility that Ecm29 is a stoichiometric component, no proteaaffinity-purified proteasomes may contain major components not present in conventional samples. somes resistant to the effect of ecm29⌬ were observed. The experiment of Figure 3A suggested that Ecm29 Conventional methods of proteasome purification generally involve fractionation on ion-exchange resins, may function to tether the CP and the RP. A prediction of this model is that Ecm29 is competent to bind both and therefore, exposure to high salt. To examine the effect of salt on proteasome composition, we added the RP and the CP. To test the tethering model, we initially analyzed salt eluates from an IgG column loaded a salt-wash step prior to TEV elution. Three hundred millimolar NaCl released the CP together with a small with Rpn11-TEV-ProA proteasomes (equivalent to fractions 23-25 of Figure 1C ). The sample was resolved by number of proteins, numbered 1-3 in Figure 1C . These proteins were identified by mass spectrometry as gel filtration with NaCl omitted. The Ecm29 peak was coincident with that of the CP, indicating complex forEcm29, Hul5, and Ubp6, respectively (see Supplemental Data at http://molecule.org/cgi/content/full/10/3/495/ mation ( Figure 3B ). Electron micrographs of free Ecm29 reveal a V-shaped morphology in which the angle be-DC1). These proteins have been previously described (Verma et Figure 2C ) cofractionated proteasomes. Immobilization of the CP on IgG resin allowed for coelution of Ecm29 and RP with 300 mM with proteasome subunits as well as proteasome-specific peptidase activity. In each case, these proteins NaCl. When this sample was then subjected to gel filtration in the absence of NaCl (as in Figure 3B ), cofractionawere missing from proteasomes purified from the corresponding deletion mutants ( Figures 2B, 2C, and 4B) . tion of Ecm29 and the RP was observed ( Figure 3D ). Cofractionation was not fortuitous, since it was elimiRelated experiments suggested that Ubp6, Ecm29, and Hul5 bind to the proteasome independently of one annated by 300 mM NaCl (data not shown). The ability of Ecm29 to bind both CP and RP may be sufficient to other (data not shown). While Hul5 and Ubp6 are known components of the ubiquitin pathway, Ecm29 is not, explain its role in stabilizing the holoenzyme. That Ecm29 functions in association with the proteasome in and its identification as a proteasome component was surprising because it had previously been implicated in vivo is suggested by the sensitivity of ecm29⌬ mutants to canavanine, an amino acid analog, when crossed cell wall biogenesis (Lussier et al., 1997) . Using mutants constructed in this and other laboratories, in which the to mutations in other proteasome-associated proteins (M.S., unpublished data). entire coding sequence of ECM29 is deleted, we were unable to confirm the cell wall phenotype attributed to ecm29⌬ mutants.
Ubp6 Is the Predominant Ubiquitin-AMC-Hydrolyzing Activity of the Yeast Proteasome
The presence of Ubp6 in proteasomes at levels compaEcm29 Tethers the CP to the RP Conventionally purified proteasomes are unstable in the rable to those of known subunits raised the possibility that Ubp6 may have an unrecognized role in the mechaabsence of ATP (Hendil et al., 2002). To our surprise, it was possible to affinity purify proteasomes without nism of ubiquitin-protein conjugate breakdown by the proteasome. To assess the contribution of Ubp6 to pronucleotide ( Figure 3A) . In contrast, ATP was required to recover proteasomes from an ecm29⌬ strain ( Figure 3A , teasomal deubiquitinating activity, we incubated proteasomes with [ ‫66ف‬ kDa, consistent with an adduct between ubiquitin (8.6 kDa) and Ubp6 (57 kDa). Proteasomes appear to be however, the ecm29⌬ proteasomes differed from those of wild-type in that the proportion of RP 2 CP was signifihighly enriched in the 66 kDa protein, as compared to cell extracts ( Figure 4A ). The proteasomal UbVS target cantly reduced, consistent with a partial dissociation of the RP and CP ( Figure 3A) . Thus, the ATPases of the was assigned as Ubp6 based on its electrophoretic comigration with modified Ubp6 from cell extracts (Fig-RP , which are thought to be in direct contact with the CP, appear to function redundantly with Ecm29 to stabiure 4A) and its absence from proteasomes prepared Figure 4E) . sensitivity of ubp6-ubl⌬ strains was suppressed by overexpression of free ubiquitin, suggesting that canavanine toxicity is based on the depletion of free ubiquitin pools In Vivo Requirement for the Ubp6-ubl Domain Based on the requirement for the Ubl domain of Ubp6 in this mutant (data not shown). ubp6⌬ mutants are strongly defective in the degradation of Ub-Pro-␤-galacin both proteasome binding and activation, ubp6-ubl⌬ can be predicted to be a null mutation. Complete deletosidase, a model substrate of the ubiquitin-proteasome pathway ( Figure 6A ). This phenotype could not be restions of the UBP6 gene result in sensitivity to canavanine ( Figure 5D) (Amerik et al., 2000a) . A comparable phenocued by the catalytic domain (Ubp6-ubl⌬; data not shown). Expression of the Ubl domain alone also failed type was observed when only the small (83 codon) UBL element was deleted ( Figure 5D ). Ubp6 and Ubp6-ubl⌬ to rescue this phenotype, while its overexpression stabilized Ub-Pro-␤-gal in a genetic background that is wildwere expressed at equivalent levels as determined by immunoblotting (data not shown). Given that the Ubl type for UBP6 (data not shown). The latter finding is consistent with in vitro data indicating that the Ubl dodomain mediates activation of Ubp6 at the proteasome ( Figure 5A) Figure 6B ). Given that Ubp6 activity is localized to the proteasome, the instability of ubiquitin in ubp6⌬ mutants appears to reflect an alteration of the fate of conjugated ubiquitin bound to the proteasome.
Discussion

Composition of the Proteasome
Since its identification, the proteasome holoenzyme has been studied in a form whose subunit composition in vitro is closely similar across the eukaryotic kingdom. The present study defines a different form of the proteasome, which we suggest to be a closer approximation of the particle as it exists in vivo. As previously defined, proteasomes lack important components as a result of exposure to nonphysiological salt concentrations during purification and are therefore unstable in vitro and deficient in deubiquitinating activity. The major components that differentiate conventional and affinity-purified proteasomes, Ecm29 and Ubp6, explain these functional differences. The present findings should allow improved in vitro analysis of this particle and are likely to be relevant to mammalian proteasomes as well, since the three components that we have identified-Ecm29, Hul5, and Ubp6-are evolutionarily conserved. Indeed, homologs of Hul5 and Ubp6 are thought to interact with mamma- ). Alprotease-deficient mutants (Swaminathan et al., 1999) , indicating that ubiquitin is degraded within the vacuole though the relationship between this activation effect and that described in the present work is unclear, it is in these strains. We suggest that Ubp6 and Doa4 function in parallel to recover ubiquitin from conjugated spepossible that Usp14 is subject to multiple controls within the proteasome. cies involved in distinct proteasomal and vacuolar pathways, respectively.
One implication of localized activation is that ubiquitin turnover in ubp6⌬ mutants should reflect a failure to could accommodate ubiquitin unless it was first unfolded. Ubiquitin can thus presumably be unfolded by regenerate ubiquitin within the proteasome. Possible reactions involved in ubiquitin regeneration include (A) the proteasome and translocated into the CP like its conjugative target protein. This is surprising because progressive removal of ubiquitin groups from the distal end of chains, (B) en bloc removal of intact chains from ubiquitin has an unusually stable tertiary structure; it is intact at 85ЊC as well as pH extremes of 1 and 13 (Lenkinthe chain-substrate junction, and (C) disassembly of free chains produced through the reaction B. Given the poski et al., 1977). The structural stability of ubiquitin may underlie its dramatic sequence conservation among eutential complexity of this process, it is possible that other deubiquitinating enzymes can cooperate with Ubp6 at karyotes. That is, ubiquitin may have evolved to be at least partially refractory to the unfoldase activity of the the proteasome. Such isopeptidases could be either integral subunits of the holoenzyme that possess deubiproteasome. The structural stability of ubiquitin is evidently not sufficient to prevent its translocation into the quitinating activity but have escaped detection due to a restricted substrate specificity, or soluble deubiquiticore particle and subsequent degradation. Most likely, resistance of ubiquitin to unfolding and spatially renating enzymes. However, soluble deubiquitinating enzymes may have hindered access to the interior of the stricted, Ubp6-dependent deubiquitination events both contribute to uncoupling of the metabolic fates of ubi-RP, particularly while it is occupied by a ubiquitin-protein conjugate.
quitin and its conjugative targets. 
